Although new research technologies are constantly used to look either for genes or biomarkers in the prediction of metabolic syndrome (MS), the pathogenesis and pathophysiology of this complex disease remains a major challenge. Interestingly, Cheng et al recently investigated possible pathways underlying MS by high-throughput metabolite profiling in two large and well characterized community-based cohorts. The authors explored by liquid chromatography and mass spectrometry the plasma concentrations of 45 distinct metabolites and examined their relation to cardiometabolic risk, and observed that metabolic risk factors such as obesity, insulin resistance (IR), high blood pressure, and dyslipidemia were associated with several metabolites, including branched-chain amino acids, other hydrophobic amino acids, tryptophan breakdown products, and nucleotide metabolites. In addition, the authors found a significant association of IR traits with glutamine, glutamate and the glutamineto-glutamate ratio. These data provide new insight into the pathogenesis of MS-associated phenotypes and introduce a crucial role of glutamine-cycling pathway as prominently involved in the development of metabolic risk. We consider that the hypothesis about the role of abnormal glutamate metabolism in the pathogenesis of the MS is certainly challenging and suggests the critical role of the liver in the global metabolic modulation as glutamate metabolism is linked with aminotransferase reactions. We discuss here the critical role of the "liver metabolism" in the pathogenesis of the MS and IR, and postulate that before fatty liver develops, abnormal levels of liver enzymes, such as alanine and aspartate aminotransferases might reflect high levels of hepatic transamination of amino acids in the liver. 
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INVITED COMMENTARY ON HOT ARTICLES
The metabolic syndrome (MS), a complex disorder associated with several metabolic disturbances and mostly characterized by insulin resistance (IR) in several tissues, results from a complex interplay between genetic and environmental factors [1] . Among the environmental factors, decreased physical activity, increased nutrient availability and over nutrition, play an important role and are also largely considered to be responsible for the modern epidemic of MS-related phenotypes, such as obesity, arterial hypertension and type 2 diabetes (T2D). Moreover, the pathogenesis of IR is strongly associated with the ability of the liver to suppress endogenous glucose production, suggesting that this organ is a key player in the pathophysiology of the MS. Some metabolic disturbances in the hepatic tissue, such as abnormal triglycerides accumulation observed in fatty liver, have been suggested as the trigger events and perhaps the causative factors of IR [2, 3] . As such, nonalcoholic fatty liver disease (NAFLD) is now considered to be an additional component of the MS strongly associated with cardiovascular disease (CVD) [1, [4] [5] [6] . Although significant efforts have been made in the last years and new research technologies are constantly used to look for either genes or biomarkers in the MS prediction, the pathogenesis and pathophysiology of this complex disease remains a major challenge.
We read with great interest the article by Cheng et al [7] recently published in Circulation. Interestingly, Cheng et al [7] investigated possible pathways underlying MS by highthroughput metabolite profiling in two large and well characterized community-based cohorts, including 1015 individuals from the Framingham Heart Study and 746 from the Malmö Diet and Cancer Study. By liquid chromatography and mass spectrometry, the authors explored the plasma concentrations of 45 distinct metabolites and examined their relation to cardiometabolic risk, and found that metabolic risk factors such as obesity, IR, high blood pressure, and dyslipidemia were associated with several metabolites, including branchedchain amino acids (BCAA), other hydrophobic amino acids, tryptophan breakdown products, and nucleotide metabolites. In addition, the authors observed a significant association of IR traits with glutamine, glutamate and the glutamine-to-glutamate ratio in individuals from both cohorts. They described for the first time that a high glutamine-to-glutamate ratio is associated with a lower risk of incident diabetes mellitus. The authors also followed up these findings by a dietary-intervention study in mice, and observed that administration of glutamine led to both increased glucose tolerance and decreased blood pressure [7] . Hence, the authors conclude that individuals with metabolic risk factors have higher circulating concentrations of glutamate and BCAA, and lower concentrations of glutamine, and suggest that glutamate may contribute to the development of the MS. Moreover, the authors observed that circulating levels of BCAA are not only associated with obesity and impaired glucose tolerance but also with dyslipidemia and blood pressure.
What can this metabolomic data tell us about the pathogenesis of MS?
These data open new perspectives about the pathogenesis of MS-associated phenotypes and introduce a crucial role of glutamine-cycling pathway as prominently involved in the development of metabolic risk. Actually, the role of glutamine-cycle in the regulation of metabolic syndrome-related phenotypes was postulated many years ago, as Hermanussen et al [8] showed that chronic hyperglutamatemia may intoxicate arcuate nucleus neurons, thereby disrupting the hypothalamic signaling cascade of leptin action, causing hyperphagia, obesity and hyperleptinaemia. Surprisingly, glutamate has also been associated with metabolic programming and it was postulated that the thrifty phenotype, the epidemiological association between poor fetal and infant growth and the subsequent development of the MS, may be the consequence of fetal hyperglutamatemia [8] .
In addition, previous evidences from a human study, including a metabolic profiling performed on 74 obese and 67 lean subjects, identified a cluster of obesity-associated changes in specific amino acid, acylcarnitine, and organic acid metabolites in obese compared to lean subjects that was associated with IR [9] . Newgard et al [9] tested the effect of supplementation of high fat diet with BCAA in an experimental study, and showed that this model was associated with decreased levels of circulating α-ketoglutarate and increased levels of glutamate, and speculated that the accumulation of glutamate increases the transamination of pyruvate to alanine, leading to the development of obesity-associated IR. Newgard et al [9] in fact extended this reasoning to that the increase in alanine, a highly gluconeogenic amino acid, contributes to the development of glucose intolerance in obesity, as circulating alanine levels are elevated in obese subjects.
Furthermore, a recent human study exploring metabolite predictors of deteriorating glucose tolerance in two Finnish population-based studies consisting of 1873 individuals and reexamination of 618 individuals after 6.5 years in one of the cohorts showed that alterations in BCAA metabolism precede hyperglycemia [10] . In addition, alanine, lactate, and pyruvate were predictive of post-challenge glucose [10] . A candidate gene association study in 9369 non-diabetic or newly diagnosed T2D Finnish men that explored the association of glycemia and 43 genetic risk variants showed that hyperglycemia and a variant of glucokinase (hexokinase 4) regulator (GCKR) are associated with the levels of eight amino acids, including alanine, leucine, isoleucine, tyrosine, and glutamine predicted incident T2D in a 4.7-year follow-up [11] . Among the 43 risk variants, only one single nucleotide polymorphism, the glucose-increasing major C allele of rs780094 of GCKR, was significantly associated with decreased levels of alanine and isoleucine and elevated levels of glutamine [11] .
The role of the liver in glutamate metabolism: Aminotransferases and glutamate cycle The hypothesis about the role of abnormal glutamate metabolism in the pathogenesis of the MS is certainly challenging and suggests the critical role of the liver in the global metabolic modulation as glutamate metabolism is linked with aminotransferase reactions. Actually, in the liver, the enzymes of glutamine metabolism critically determine the level of glutamine that is released to circulation [12] . Moreover, glutamate increases the transamination of pyruvate to alanine. In fact, the metabolism of almost all of the amino acids is initiated by aminotransferases, and the transfer of the amino group produces glutamate which may then be substrate of either glutamate dehydrogenase or aspartate aminotransferase [13] . The reactions of transamination mediate the synthesis of aspartate, asparagine, glutamate, and glutamine from ammonia and intermediate of the glycolysis pathway, and allow for the utilization of the carbon atoms from these four amino acids for glucose synthesis under fasting conditions. A short overview of alanine (ALT) and aspartate (AST) aminotransferases is shown in Table  1 , and a comprehensive illustration of the AST and ALT pathway is shown in Figure 1 .
In summary, ALT not only plays a key role in the intermediary metabolism of glucose and amino acids, but can also be considered as a major contributor to the steady-state glutamate levels as the enzyme can simultaneously catabolize and synthesize glutamine [13] .
Biological significance of high ALT and AST levels and cardiovascular risk: Is there any association with altered glutamate metabolism? Serum activity levels of ALT are routinely used as a biomarker of liver injury caused by drug toxicity, viral infection, alcohol abuse and fatty liver. Nevertheless, several epidemiological studies showed that CVD and the MS are associated with abnormal liver enzymes, such as ALT, even in the absence of liver injury or steatosis. For instance, increased levels of ALT are associated with long-term development of multiple metabolic disorders among participants of the Framingham Offspring Heart Study [14] . Goessling and coworkers also demonstrated that higher ALT levels were significantly associated with an increased risk of T2D and CVD in age-sex adjusted analyses [14] . There was also a significant interaction between body mass index and ALT levels, and the followup study of these overweight and obese participants with highest ALT levels for 20 years showed a 30-fold increased risk for developing T2D [14] . The association of ALT with the risk of development MS was also evaluated in 1097 subjects from the population-based cohort of Caucasian men and women (Hoorn Study), and ALT was significantly associated with fasting plasma glucose at follow-up [15] . The 10-year risk of all-cause mortality, fatal and non-fatal CVD in relation to ALT was also assessed in 1439 subjects participating in the Hoorn Study, and the predictive value of ALT for coronary events, seems independent of traditional risk factors [16] . Moreover, findings from the Western Australian Health Department data linkage system, an Australian population-based cohort study, support a strong association between ALT levels and the MS independent of insulin resistance [17] . An overview about the epidemiological evidence of liver enzymes and cardiovascular outcomes was recently published [18] . In spite of the epidemiological evidences mentioned above, the research community is still inconclusive about the pathobiological meaning of the elevated ALT levels and CV risk. In fact, the question of whether abnormalities in ALT levels precede the development of MS, or whether the MS components themselves can lead to the increase of ALT levels is still unanswered [14] . Hence, the biological mechanisms responsible for the association between liver enzymes and the MS-related phenotypes are still poorly understood, and much of the speculations focus on the putative liver injury associated with fatty liver that frequently coexists with the MS.
The metabolomic data presented by Cheng et al [7] not only raised new questions about the role of glutamate-glutamine cycle in the pathogenesis of the MS, but also suggested a dramatic change in the paradigm of the meaning of elevated aminotransferase levels in the context of MS- related phenotypes. Thus, we speculate that abnormal levels of ALT and AST are associated with a deregulation of normal amino acid metabolism in the liver, including aromatic amino acid, and then special compounds such as glutamate are released into the general circulation. This hypothesis attempts to illustrate the critical role of the "liver metabolism" in the pathogenesis of the MS and IR, and postulates that before the liver becomes fatty, abnormal levels of liver enzymes might reflect high levels of hepatic transamination of amino acids in the organ. Is there any experimental evidence for this? Stegink et al [19] have demonstrated that if a large proportion of glutamate is ingested, portal glutamate increases and this elevation results in increased hepatic glutamate metabolism, leading to release of glucose into systemic circulation, a physiopathogenic event that may perpetuate hyperglycemia.
Systems biology also provides a rational evidence for the association between liver transaminases and the metabolic abnormalities observed by Cheng et al [7] . We performed a functional association analysis that included protein and genetic interactions, pathways, coexpression, co-localization, and protein domain similarity using the bioinformatics resource GenMANIA [20] . Interestingly, several genes are regarded as direct "neighbors" of liver transaminases (GPT and GOT1/2, as described in Table 1 ), but including isocitrate dehydrogenases 1 (IDH1) and 2 (IDH2) and the transcription factor hepatic nuclear factor 4 alpha, because they are involved in the regulation of liver transaminases and glutamine synthetase [21] (Figure 2 ). Interestingly, the predicted genes (Table  2) belong to pathways that explain most of the findings of Cheng et al [7] , such as glutamine family amino acid metabolic process, indolalkylamine catabolic process, indole-containing compound catabolic process, tryptophan catabolic process, tryptophan metabolic process, indolalkylamine metabolic process, indole-containing compound metabolic process, cellular biogenic amine catabolic process, among others (Table 3) . Q value stands for the P value corrected for multiple testing. In addition, number of genes in the network and in the whole genome belonging to the biological process is depicted. The candidate genes are listed in Table 2 , which are involved in functional enrichment analysis using the GeneMA-NIA tool (genemania.org).
